Introduction
Obesity has become a global epidemic. 1 It is recognized that the prevention of obesity among young people is a priority. However, it is still a matter of debate as to how to define obesity in young people. [1] [2] [3] [4] [5] [6] [7] The primary purposes for defining overweight and obesity and identifying individuals being affected are to predict health risks and to help them to adopt lifestyle modifications or other means to achieve a healthy body weight for the prevention of chronic disease. A growing consensus is to use body mass index (BMI) cutoffs to classify obesity in children and adolescents. In 2000, Cole et al 2 published a set of sex-and age-specific BMI cutoffs, which had been developed based on data collected in six countries, and the reference has been recommended for international use. Recently, several researchers have raised concerns regarding this international reference. The purpose of this article is to provide a brief overview of issues related to the assessment of obesity in children and adolescents as well as the examination of the global secular trends in childhood obesity, based on recent findings.
Assessment of body fatness in children and adolescents: is BMI good enough?
An ideal measure of body fatness should meet several requirements: (a) It should be accurate in assessing the amount of body fat. (b) It needs to be precise with small measurement error. (c) The measure can predict risks of health consequences, that is, it has a strong association with health outcomes. (d) It is possible to develop some cutoffs to separate individuals into different groups regarding their excess adiposity-related health risks. Moreover, for a measure to be useful in clinical setting or epidemiologic studies, it also needs to be accessible (in terms of simplicity, cost and ease of use) and acceptable to the subjects. 7 None of the existing measures satisfies all these criteria. BMI is probably the best choice among available measures that can be easily assessed at low cost, and has a strong association with body fat and health risks. The World Health Organization (WHO) recommends use of BMI cutoffs of 25 and 30 to classify overweight and obesity respectively, in adults. 1 This recommendation has been widely accepted and applied. Numerous studies show that BMI is closely associated with body fat and health outcomes in both adults and young people. Nevertheless, an ongoing debate is whether population-specific BMI cutpoints are needed. 8, 9 At present, there is still no widely agreed-upon measure of obesity in children and adolescents. Different measures and references such as weight-for-height (eg, ideal weight for height and Z-score), BMI percentiles, and skinfold thickness have been used. 10 Since the end of the 1990s, BMI has been increasingly accepted as a valid indirect measure of adipose tissue in both children and adolescents. [2] [3] [4] The release of the International Obesity Taskforce (IOTF) BMI reference has boosted the acceptance of BMI in defining childhood obesity worldwide. However, as an indirect measure of adipose tissue, BMI has several well-known limitations. 5, 11 Further, the assessment of obesity among young people is far more complex than that in adults due to their unique characteristics. Many professionals and researchers choose to ignore (or are not well aware of) the limitations of BMI, in particular, on the ground that its advantages have overweighed its limitations, 5 and with regard to the steady growing obesity epidemic that we face we need to take urgent steps. A number of researchers have addressed the limitations of BMI. 5, 6, 12 Some examples include the following. First, children and adolescents grow, both in weight and height, and gain lean body mass and adipose tissue throughout childhood and adolescence, and there are large between-population, inter-and intraindividual variations. Children's maturation status and growth patterns may affect their body composition, and are associated with BMI. Thus, the meaning of BMI may vary, being more complex than that in adults.
Second, BMI is associated with height in young people and the association varies by age and gender. Using data collected in the Third National Health and Examination Survey (NHANES III) for American children aged 2-18 y, we calculated the correlation coefficients and the P-values needed to construct a weight/height p index that is not correlated with height ( Figure 1 ). Among boys aged 5-16 y and girls aged 5-11 y, BMI is correlated with height, and the P-values need to be greater than 2. Previously, Franklin 12 presented similar findings of P-values for boys aged 6-18 y from the US, UK, Japan, and Singapore. He argued that BMI underestimates the effect of height on weight; taller children tend to have larger BMIs than shorter children, and as a result, they are more likely to be classified as being overweight or obese when age-specific BMI cutoffs are used. Franklin demonstrated that American boys in the upper height tertile had a higher prevalence of overweight (485th percentile) than shorter boys (in the two lower tertiles), but the difference becomes smaller for older boys. 12 He interpreted this as evidence of misclassifications in overweight status related to children's height when using BMI. Using the IOTF BMI reference, we calculated the prevalence of overweight for boys aged 2-18 and stratified by age-specific height tertiles (Figure 2 ). In the attempt to test whether the higher prevalence of overweight among taller boys was solely an artificial phenomenon due to the association between BMI and height, we calculated the prevalence of estimates of the P-value in weight-height p index in American boys and girls, by age NHANES III data were used.
high-BMI (in top age-specific quintile) and high-triceps skinfold thickness (TST, top quintile, used as a better measure of fatness) stratified by height tertiles. Interestingly, the patterns were similar for BMI and TST. Our findings may suggest that at least some of the height-related difference in the prevalence of overweight defined, based on BMI cutoffs, is due to the association between growth in height and adiposity gain during late childhood and puberty. More factors regarding the relationship between BMI and height, other than just a mathematical association, need to be considered.
Third, there are biological differences between ethnical groups and populations in body composition, and in the relationships between BMI and percentage of body fat (%BF) as well as those between body composition and morbidity in children and adults (eg, Deurenberg 13 Fourth, compared to classification of obesity based on the direct measure of body fatness such as %BF, BMI has a low sensitivity for screening obese individuals, although it has a very high specificity 6, 11 (see below). Fifth, secular changes in body composition may complicate the interpretation of BMI. Wells et al 17 showed that for a given BMI value, contemporary Cambridge children had greater fatness than the British reference child. Their findings, if valid, suggest that BMIbased assessments may underestimate the increase in children's fatness. Moreover, the effects of exercise on changes in body composition need to be considered. Changes in the relationship between BMI and health outcomes, in particular, in societies that have been experiencing dramatic socioenvironmental changes may make it necessary to update the BMI cutoffs used in these countries periodically. Finally, the lack of strong solid studies that have linked BMI and long-term health consequences makes it infeasible to develop BMI cutoffs based on health risks in defining childhood obesity. Most existing BMI references are statistical definition-based references.
Classification of obesity in children and adolescents: are international BMI references the solution?
Several main existing references Obesity is defined as excess of body fat. During childhood and adolescence, BMI changes with age and varies by gender, thus, age-and sex-specific BMI cutoffs are needed to classify overweight and obesity. A number of different BMI references (percentiles) have been developed and widely used (Table 1) . 2, 4, 10, [18] [19] [20] Among the several existing international references, currently the IOTF reference 2 is most widely used and it is replacing the other older ones. Results can vary considerably when different criteria or cutoffs are used to classify obesity. Using data collected for children and adolescents in the US, Russia, and China, we compared the IOTF, WHO, and MDD references. 21 The overall prevalence estimated using the IOTF reference was lower than that of the latter. The difference was much greater for obesity and among children than in adolescents. Al-Sendi et al 22 applied these three references among 506 Bahraini adolescents aged 12-17 y, and found that the differences in the estimates of prevalence of obesity and overweight were relatively small between the IOTF and MDD references, but were large between the WHO and the other two references (eg, by as large as approximately 20 percentage points). Zimmermann et al 23 showed that the prevalence of overweight and obesity varied considerably based on the US, British, French, or Swiss references. Therefore, one should be cautious when comparing results based on different references.
Strengths and limitations of the IOTF international reference
A good international reference is useful for making comparisons across studies and populations, and for monitoring the global obesity epidemic. Considering the simplicity and linkage with BMI cutoffs used in adults, the IOTF reference seems to be superior over the others. It has been advocated for international use in replacing other international or local references, especially for facilitating international comparisons. In countries where local references are not available, it provides a needed tool for the assessment of childhood obesity. The IOTF reference has several strengths for international use: (a) It is based on large data sets from six countries. (b) The BMI cutoffs are linked to adult cutoffs for overweight and obesity, which are good indicators of risks for adverse health outcomes. (c) It is simple to use and is consistent for children and adolescents. On the other hand, there are concerns regarding the IOTF reference: (a) The reference data sets do not adequately represent non-Western populations. (b) There are great variations in the prevalence of overweight and obesity across the six populations that made up the reference population. (c) Little is known about whether or how BMIs above these cutoff points are related to health consequences for children, and whether such consequences vary across populations. Moreover, limited information has been provided regarding the characteristics of the populations that formed the reference population such as the anthropometry and maturation status.
Our findings and those of others suggest that several additional issues need be studied further. First, in our comparison study, we found that the prevalence of overweight was much lower among adolescents than in children Assessment of childhood obesity Y Wang in China and Russia, but similar in the US. 21 We suspect that the age difference may be due to the fact that the reference is more sensitive in identifying overweight children than overweight adolescents in low-and middle-income countries. Second, international reference may not be appropriate for studying the secular trends, tracking of obesity across life cycles, or the health consequences of childhood obesity. For example, in a 6-y follow-up study conducted among children in China, using the IOTF BMI cutoffs, we found that the prevalence of overweight decreased dramatically as children became adolescents although several other studies based on local references suggest a rise of obesity. 24 Chinn and Rona 25 reported that the gender differences in the trends in the prevalence of overweight and obesity among British children differed according to the IOTF reference or local BMI cutoffs.
Moreover, although a large body of literature shows that in general about one-third obese children and one-half adolescents remained obese as adults, 7 using the IOTF and WHO/ NCHS references, we and Mo-suwan et al found that only approximately 10% of overweight children remained overweight as adolescents 5-6 y later. 24, 26 We suspect that at least part of the remarked difference is due to a lower sensitivity of these international references in identifying overweight individuals during adolescence than during childhood in developing countries.
Local or international references?
At present, it is difficult to reach a consensus on whether local or international references are superior. Many factors need to be considered. Local and international references have their own strengths and weaknesses and can meet different needs. It has been discussed extensively by proponents on either side. Since the release of the IOTF reference, a large number of researchers have already embraced it. On the other hand, recently several countries have published new local references (eg, the US) or reendorsed their existing ones (eg, UK), and some are developing theirs (eg, China). A good example of the ongoing debate is that recently Reilly presented several sound arguments in favor of population-specific references and against the IOTF reference. 6 Some of his arguments along with discussions by others are summarized as the following: (1) The betweenpopulation biological differences in body composition, and in the relationship between body composition and morbidity argue for a more complex approach to define pediatric obesity rather than a simpler universal approach. Population-specific BMI cutoffs are needed. (2) The IOTF approach suffers from several inherent conceptual weaknesses and methodological problems as follows: (a) It takes an adult perspective to define obesity in that adulthood BMI cutoffs are extrapolated back to equivalent BMI values in childhood. It is grounded on the relationship between adult BMI and health outcomes, and on the speculation that the relationship regarding the long-term impacts of elevated BMIs during childhood and adolescence will hold. The IOTF reference has poor sensitivity for screening overweight children. Using %BF in the top 5% of the study population distribution as the 'gold standard' of obesity, Reilly reported that the IOTF reference had a very low sensitivity and it differed markedly between boys and girls (46 vs 72%). In contrast, the local British BMI WHO/NCHS reference A WHO expert committee recommended use of the US BMI 85th percentiles for international use to define 'at risk of overweight' for adolescents aged 10-19 y; and to define overweight, use to define both the BMI 85th percentiles and triceps skinfold thickness 90th percentile. For children under 10 y of age, they recommended using weight-for-height Z-score (WHZ42) to classify 'overweight'. 10 Europe-French BMI reference Age-and gender-specific BMI percentiles calculated based on data collected for the French population. The 90 and 97th percentiles were recommended in the classification of childhood overweight and obesity, respectively. This reference was also proposed by the European Childhood Obesity Group. 20 The US 2000 CDC Growth ChartsF'New' US BMI percentiles
The CDC updated growth charts using data from four national health examinations from 1963 to 1994, and recommended use BMI-for-age 85th percentiles to classify 'at risk of overweight', and the 95th percentile, for overweight for children and adolescents over 2 y old. 4 IOTF reference Age-and sex-specific BMI cutoffs derived from sex-specific BMI age curves that pass through a BMI of 25 and 30 at age 18 y, respectively, which are the BMI cutpoints used in adults to define overweight and obesity, respectively. The reference was developed based on data collected in Brazil, Britain, Hong Kong, the Netherlands, and the US. Assessment of childhood obesity Y Wang reference (95th percentile) had a much better sensitivity (88%). Both references had a good specificity (99 vs 94%). 6 (4) Adoption of the IOTF reference may cause practical problems. The IOTF reference does not provide cutoffs for underweight. The present version of the US and UK clinical BMI charts is based on national references and allows for assessment of both overweight and underweight on a single clinical chart. Therefore, if the IOTF reference is used to define obesity, one will have to use two charts, which will cause confusion. Recently, some developing countries are attempting to develop local BMI references based on the IOTF approach. One serious concern is that their approach ignores the possible cohort effects and that the relationships between these BMI cutoffs and health risks indicated by data collected in adults may not hold for elevated BMIs during childhood and adolescence. The ongoing social-, environmental-, and behavioral shifts in these societies may have resulted in many changes in people's anthropometry (eg, secular changes in height), body composition (eg, relative proportions of lean body mass, and fat mass), and the relationship between BMI and health risks. Different age groups may have been affected differently.
Consideration of maturation and adiposity rebound when assessing childhood obesity
Sexual maturation (SM) status Although the causality between SM and fatness remains controversial, a growing body of evidence suggests that SM has a more important effect on levels of fatness than fatness does on the timing of SM. Fatness and BMI correlate more closely with the maturation stage (or development age) than with chronological age. In addition, the secular trends toward early SM continue in both industrialized and developing countries. Using national representative data, we found that early SM was positively associated with obesity in American girls (OR and 95% CI ¼ 2.0 (1.1, 3.5)), but the association was reverse for boys (OR ¼ 0.4 (0.2, 0.8)). Furthermore, we found that most of the significant ethnic differences in measures of overweight, obesity, and body fatness disappeared after controlling for SM. 27 It is suggested that maturation should be considered when assessing young people's nutritional status using anthropometric measures. 10 However, neither the WHO nor the IOTF reference has provided a practical approach to address this issue. We have proposed a population-based approach for adjusting maturity difference between the study and reference populations. 28 We illustrated the approach using the WHO/NCHS reference and data collected in three populations. The adjustment increased the estimates of overweight prevalence by about one-quarter to one-third (in relative terms) in Chinese and Russian adolescent girls, where children matured later than the reference populations, but decreased it in the US where children matured earlier. The adjustment had a greater effect in girls at ages around puberty (10-13 y) than in older girls (14-18 y).
Adiposity rebound (AR)
It is of concern that differences may exist in the patterns of AR between populationsFin particular, between populations in industrialized and in developing countries. This may affect the estimate of obesity prevalence for children from developing countries at around the age of AR when using the international references developed based upon data collected in wealthy societies. No systematic efforts have been made to examine this issue, although several previous investigations show that children who experienced an early AR had elevated BMIs or were more likely to develop obesity at older ages. Our preliminary analysis shows that differences exist in the timing of AR onset and there are secular trends toward an earlier onset of AR. For example, the BMI-age curves presented by Cole et al 2 indicate some differences in the onset of AR across the six populations used in the IOTF reference. National representative survey data show that the onset of AR happens around 6 y of age among children in France, the Netherlands, and UK, 5.5 y in the US, and about 5 y in Italy, but much later among Chinese children at around age 7 y. Interestingly, recent data collected for a large sample of 96 104 children in Shanghai, the largest and most prosperous city in China where people's living standards are compared to that in many industrialized countries, show that the onset of AR advanced to around 5 y (Yifang Jiang, personal communication). Figure 3 shows the BMI median curves for children in the US, China, and Shanghai. At least part of the betweenpopulation differences in the onset of AR may be due to (or reflex) the differences in maturation. For example, if the Chinese BMI median curve is shifted leftward by 2 y (ie, assume that on average these Chinese children's biological ages were approximately 2 y younger than their chronological ages compared to American children), it becomes almost identical to the US BMI curve. Therefore, we suggest to use the adjusted-age-matched BMI cutoffs may be one possible approach to address the difference in AR between the reference and study populations. This is similar to the population-based approach we proposed for adjusting maturity differences when using international references. 28 
Global prevalence and trends in childhood obesity
Our findings and those of others show that we are facing a growing global childhood obesity epidemic. 
Examination of socioeconomic inequality of obesity
The obesity epidemic is a relatively new public health problem. It is of great interest to apply methods developed in other fields in obesity-related research. Recently, we applied a method developed by economists, the Concentration Index, in studying socioeconomic status (SES) inequality of obesity. 30 This approach has several advantages compared with classical approaches used in the biomedical field such as linear and logistic regression analyses and is better than several other indices used in the economic field: for example, it reflects the SES dimension to inequalities in health; it reflects the experience of the entire population; it is sensitive to changes in the distribution of the population across SES groups; and results can be presented as concentration curves, which are easily and intuitively understandable.
Discussion
On balance, the current consensus is that BMI is a valid and feasible indirect measure of body fatness. BMI is very useful in clinical practice and in epidemiologic studies, but it suffers from a number of limitations. Researchers and health professionals should be aware of these limitations. More efforts are needed to develop other valid and feasible measures of body composition. Further research on the applications of waist circumference, bioimpedance, or other forms of weight-for-height index remains valuable. It has been argued that population-specific standards should be used due to biological differences between populations. To assist international comparisons, in epidemiologic studies, the IOTF reference is superior. For the near future, local and international references probably will coexist and are used to meet different needs, although this may cause a great deal of confusion. The validation of the BMI-for-age cutoffs, both used in international and national references, should be assessed based on health risks. Studies are needed to further examine the effect of ethnicity, secular trends in maturation and anthropometry, and changes in people's lifestyles on the interpretation of BMI and the definition of obesity. In future epidemiological research, there is a great need to collect national representative data in developing countries, especially for school-age children and adolescents. Longitudinal data are greatly needed. Research on social, environmental, behavioral, and biological factors that may affect obesity will help provide valuable insights for the prevention and management of obesity. Assessment of childhood obesity Y Wang
